introduction
In a review of cement fixation systems for total hip arthroplasty (Tha), polished surface stems were associated with better outcomes than rough surface stems with a follow up period of more than 20 years. 1 This suggests that a taper slip design with a polished finish stem enables cement creep and are less prone to mechanical failure than rough surface stems. [2] [3] [4] reported outcomes are generally more favourable for cement thicknesses of at least 2 mm, and this thickness is now widely accepted as optimum for the cement mantle. [5] [6] [7] however, some reports have suggested that French-designed cemented stems are associated with favourable outcomes in the presence of a thin cement mantle. 8, 9 The French method has always been to maximize stem size within the medullary canal, removing all cancellous bone and fitting the stem in place with cement as filler only where the internal geometry of the bone did not match the implant shape. This approach differs from widely reported research findings that cement stem performance will be poor if the cement mantle is < 2 mm in thickness.
This phenomenon, termed the 'French paradox', has been discussed in the literature, but the mechanism is not fully understood. 9 Meanwhile, rough-surfaced stems of French design have been associated with poor outcomes. 7, [9] [10] [11] [12] el Masri et al 9 reported favourable long-term results for polished Charnley-Kerboull stems (Zimmerbiomet, Warsaw, Indiana) and line-to-line preparation. Most stems did not subside more than 1.5 mm with thin cement thickness. Takahashi et al 13 performed a biomechanical study using the Collarless polished Tapered (CpT) stems (Zimmer biomet, Warsaw, Indiana) with varying thickness of cement mantle, and reported that effective radial creep was associated with a mantle thickness of < 2.5 mm. These reports may suggest that thin cement mantles are acceptable for polished stems. In this study we observed subsidence of the Charnley-Marcel-Kerboull (CMK) (Zimmer biomet) stems after loading, and we also monitored thin cement behaviour through the movement of tantalum balls within the cement mantle.
Materials and Methods
Loading test equipment. We followed the methodology of Kaneuji et al 14 to create a biomechanical model using cemented femoral components that were inserted into composite femurs (#3403, pacific research laboratories, vashon, Washington), 15 and performed loading tests. The cancellous bone of this composite femur is much harder than cadaveric bone, and the cement did not penetrate into the cancellous bone. Therefore, using this composite bone enables us to produce a cement mantle of a consistent thickness without a variable infiltration of cement into cancellous bone. The composite femurs were soaked with blended vegetable oil for 24 hours to mimic the wet conditions of the in vivo femoral environment.
The composite femurs were attached to a test fixator of S45C structural carbon steel and epoxy resin (devcon b, ITW Industry, osaka, Japan). 13 a metal tube was passed through the composite femur from outside the fixator and fixed precisely at the entry to the medullary canal. a solid rod was passed through this tube to prevent extrusion of cement into the tube at the time of cementing.
bone cement (osteobond, Zimmer biomet) was mixed in a vacuum cement mixing system (aCM vacuum mixing ball, Stryker, Tokyo, Japan), and 80 g of the mixed cement was inserted into the cavity of a composite femur using a cement injection gun after sealing the lower end of the femoral canal with wax. although a proximal seal was not used for the cement gun, the calcar region was occluded with a finger as the femoral stem was introduced. a double tapered CMK stem No. 302 with < 0.1 μm surface roughness was inserted. We created three models with stem collar in contact with the bone ('contact group') and three models with stem collar positioned 2 mm from the bone ('non-contact group') ( Fig. 1) . To compare the difference in results by canal preparation, we used a line-to-line technique, with a canal reamer for one stem and a stem broach for two stems in each group. after broaching for the 302 stem, a CMK stem size 302 was used. because the canal size was thought to fit the size 302 stem, the same size implants were used for all models. For the reaming technique, the canal was reamed to just accommodate a size 302 stem. all CMK stems were considered fixed by line to line preparation.
before the cement hardened, four or five 0.6mm diameter balls (bal-tec, MICro SUrFaCe eNGr, los angeles, California) were inserted into the proximal cement around the stem by indwelling needle (Fig. 2) . These balls were used as markers for subsequent micro-CT imaging and cement movement analysis. balls were also embedded on the tips of the stems for final stem subsidence. To mimic in vivo environmental conditions, test equipment was maintained at 37°C by a temperature sensor (T-35; Takigen MFG Co. ltd., Tokyo, Japan) and a heater (G6a92 [240v, 250W]; Takigen MFG Co. ltd.). Loading. Cyclical loading (1 hz, maximum 3000 N) was applied one million times to a metal femoral head (cobalt-chromium alloy, 26 mm in diameter) attached to the stem. This was estimated to be equivalent to one year of walking. 16, 17 load was applied using a fatigue testing system (ehF-UM 300KN-70l; Shimadzu Corporation, Kyoto, Japan) at an angle of 15° medially to the coronal plane of the model, to mimic normal in vivo loading. 18 an eight-hour non-loading period was provided between the 16-hour loading periods to mimic a sleep period in a clinical setting, and to for allow any stress relaxation. each loading test lasted 19 days. Parameters and methods of testing: stem subsidence. a digital displacement gauge (dTh-a5 5 mm; Kyowa electronic Instruments Co., Tokyo, Japan), placed at the bIoMeChaNICal behavIoUr oF a FreNCh FeMoral CoMpoNeNT WITh ThIN CeMeNT MaNTle vol. 7, No. 7, JUlY 2018 stem shoulder, was used to measure stem subsidence over time. data was collected using the metshod described by Kaneuji et al. 14 The 16-hour loading period for each day was divided into early, middle and late phases and the first two files from each phase (a total of 20 000 values) were collected and used. data was transmitted automatically to a computer through data collection and analysis software (Sensor Interface pCd-300a; Kyowa electronic Instruments Co.). Subsidence was defined as the mean of maximum values for sine waves from the 20 000 values during each phase of the loading period. perpendicular movement of the tantalum balls at the tips of the stems was measured by micro-CT and was used as the final amount of subsidence. We graphed continuous data on stem subsidence for all models through the experiment.
Parameters and methods of testing: compressive force at the bone-cement interface. a rod in the tube from outside the fixator was connected to a load cell (Tr20I 500N/ fs, Tr20I 200N/fs; Kyowa electronic Instruments Co.) and the pressure transducer after cement hardening. This rod made contact with the cement at the medullary canal. Compressive force on the cement was measured over time after calibration. The load and no-load periods in a day were classified into three periods (early, middle and late). The compressive force in each period was defined as the mean of the collected 960 maximum values of sine waves in the two consecutive files after the start of each period (60 values/min × 8 mins × 2 times). a total of 57 averaged values (3 × 19 days) were used for analysis of stem subsidence and the compressive force, respectively. The measured values were automatically inputted to a computer. Continuous data of compressive force were graphed throughout the experiment. The relationship between stem subsidence and compressive force at the cement-bone interface were investigated using pearson's correlation coefficient. a significance level of 1% was used. Statistical analysis was performed using Statview ver. 5.0 (SaS Institute Inc., Cary, North Carolina).
Parameters and methods of testing: tantalum ball movement
by micro-CT analysis. before and after loading, 3d images of the areas within an approximate radius of 2 cm from the markers were obtained using a micro-CT (Microfocus x-ray System CT) scanner (ToSCaNer-32250 µ hd; Toshiba IT & Control Systems Corporation, Tokyo, Japan), to measure moving distance and direction of the balls in the cement and at the stem tip. The maximum spatial resolution of the micro-CT scanner was 5 µm. Images were taken with a CMK stem model. a CMK stem was fixed with cement in the composite femur. a model in which the stem collar was brought into contact with the medial bone (Contact group; image on the left side) and a model in which the stem collar was 2 mm away from the medial bone by inserting a 2-mm thick metal board between collar and bone (Non-contact group; image on the right side).
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Fig. 2
a radiograph taken after fixing the stem with cement. Tantalum ball fitted to the tip of the tube of indwelling needle was inserted in all areas of proximal femur; medial, lateral, anterior and posterior side before cement hardening, push out with needle, and placed in cement. Four balls were also embedded in the outer circumference of the composite femurs 1 cm proximal to the lesser trochanter. These balls were used as markers for micro computed tomography imaging and cement motion analysis. White arrows indicate the holes for tube.
slice spacing of 95 µm. The distance of ball migration was thought to represent the extent of cement movement at a specific location. The position of each ball before applying load was defined as the original point, and the 3d coordinate values after applying load were measured. The magnitude of horizontal and perpendicular migration of the balls was calculated. The values of ball migration distance and the relationships between perpendicular, horizontal and stem subsidence were analyzed.
Parameters and methods of testing: measurement of cement thickness and observation of cement status after stem removal. after completing the loading tests, all stems were removed from the cement. CT images were then taken with a slice spacing of 1 mm to measure the thickness of the cement mantle (Fig. 3) .
Using the Gruen zone 19 classification, the proximal section corresponded to zones 1, 7, 8 and 14, the middle section to zones 2, 6, 9 and 13 and the distal section to zone 3, 5, 10 and 12. a total of 360 sites in six femurs (60 sites in one femur × 15 slices × 4 sites in each slice) were measured for analysis. a fiberscope camera (olympus eNF-3; olympus Corp., Tokyo, Japan) was inserted into the cavity after removing the stem to observe the macroscopic appearance of the cement.
Results
Cement mantle thickness. Since the cancellous bone of this composite bone is hard, only a small interdigitation of cement was observed in all slices of all cases. although the cement tended to be thicker in the noncontact group, there were no obvious differences in cement thickness between the two groups (Table I ). In the observation of four sites per one slice, total 24 sites in the same level slices in six femurs and 120 sites in five slices in each section, mean cement thickness and sd at the proximal, middle and distal section was 1.69 mm sd 0.22, 2.10 mm sd 0.32 and 3.63 mm sd 0.70, respectively. Cement thickness < 2 mm was observed in the proximal, middle and distal sections at 114/120 sites (95%), 65/120 sites (54%) and 2/120 sites (1.7%), respectively.
Cement thickness < 2.5 mm was noted at the proximal, middle and distal sections: 119/120 sites (99%), 108/120 sites (90%) and 9/120 sites (7.5%), respectively.
Mantle thickness was < 3 mm in all cases in the proximal and middle sections, but the distal region had 88/120 sites (73%) of 3 mm or more. The thinnest cement was 1.4 mm at the proximal lateral site and the thickest cement was 5.8 mm at the distal lateral site. CT image, taken after removal of stem. Cement thickness was measured for each of five slices in the proximal, middle and distal sections. each section was defined as follows. The proximal section was from the lower end of the insertion hole for the proximal lateral tube, and the distal section was from the upper end of the insertion hole for the distal lateral tube. The middle section was between the proximal and distal sections. In each section, CT slices were selected for five consecutive slices from the bottom of the proximal section and the top of the distal section. Central five consecutive CT slices were measured in the middle section.
The amount of stem subsidence. all stems subsided during the loading periods and recovered during the nonloading periods. The greatest subsidence occurred on the first day, followed by gradual subsidence thereafter in all models (Fig. 4) . Total mean subsidence (sd) at the end of the experiment was 0.38 mm (sd 0.004) in the contact group and 0.80 mm (sd 0.0063) in the non-contact group, as determined from the ball on the "stem" tip. Slight stem subsidence was observed even in the contact group for one million times load. No obvious difference was observed between the reaming and broaching techniques.
Compressive force at the bone-cement interface. as the investigation proceeded, the compressive force on the bone-cement interface increased in all composite bones in the proximal medial, lateral and distal lateral regions.
however, no great compressive force was noted in other regions (Fig. 5) . For all stems, the greatest compressive force was observed in the proximal medial region of the femur (Fig. 6 ). The compressive force on the final day in both the proximal lateral and the distal lateral regions tended to be greater in the non-contact group than in the contact-group; no difference was seen at the proximal medial region. a strongly significant positive correlation was observed between stem subsidence and compressive force in the proximal medial region in all stems (Fig. 7) . No obvious differences were noted in compressive force between the reaming and broaching techniques. The magnitude and direction of cement migration. We tried to position the balls around the stem on the medial, lateral, anterior and posterior sides but unfortunately, several balls were not optimally placed. Non-contact 1
Non-contact 2
Non-contact 3 a graph showing stem subsidence through the experiment. The greatest subsidence occurred on the first day, followed by gradual subsidence thereafter in all models. Contact 1, 2, and 3 showed the data for each contact model, and non-contact 1, 2, and 3 showed the data for each non-contact model.
In all models, it was possible to analyze the distance of ball movement in the proximal, medial and lateral regions. For this reason, the ball movement distance was examined only for the balls in the medial and lateral regions and all balls were on the head side of the proximal hole for the tube (Fig. 2) . a total of 11 balls were analyzed from the medial region and eight balls from the lateral region (Table II) .
all balls migrated in the horizontal direction by at least 0.207 mm and no more than 0.926 mm. Migration in the perpendicular direction was at least 0.197 mm and no more than 0.87 mm. In the proximal medial region, nine of 11 balls moved more in the horizontal direction than the perpendicular direction; this was attributed to radial creep due to hoop stress. ball movement distance in the perpendicular direction was 59% to 83% of the stem subsidence. This was attributed to slip in the cement of the stem. Fiberscope findings after stem removal. No cement defects or cement breakage were noted in any of the femurs when inspected by the fiberscope (Fig. 8) , even though the cement mantle was relatively thin.
Discussion
With polished tapered stems, cement creep may result from stem subsidence, and increased compressive force at the bone-cement interface may contribute to stem stabilization 2, 3, 13, 14, 20, 21 ('force-closed fixation' 22, 23 ). The final compressive forces at the cement-bone interface for a) the contact group and b) the non-contact group. Major three regions of great compressive force were seen in proximal medial and lateral regions and distal lateral region. Negative small compressive force was seen in distal medial region. The value of bar was mean force in each group, and standard deviation was expressed as a line. a graph in continuous observation of the force. This is a graph of a model in the contact group. The compressive forces in medial, lateral, anterior and posterior at proximal and distal side were drawn continuously. Similar graphs were obtained in other models. The force rose with load and slightly fell on unloading period in the course of the day. The greatest force was observed at the proximal medial region in all models.
In France, a thin cement mantle is used to implant a canal-filling femoral component (line-to-line technique). This approach, with excellent long-term results, has been dubbed the 'French paradox'. 8, 9 These stems are supported by the cortex ('shape-closed fixation') as a way to prevent stem subsidence. 24 With many varied stem designs in clinical use, the appropriate thickness of the cement mantle for polished surface stems is still under discussion. 24 The line-to-line technique press-fits a large stem and applies high compressive force to the cement, resulting in interdigitation into the +cancellous bone. This improves the initial fixation of the stem. 25 Scheerlinck and Casteleyn 24 reported that interdigitation thickened the cement mantle by 3.1 mm on average, with bone defects in only 6.9% of samples. They concluded that the practical feasibility of a thin cement mantle was uncertain.
We used a composite femur in this study because cadaveric bone, although often used in biomechanical studies, can vary in the curvature of the femur or the quality of cancellous and cortical bone. Composite bone allowed us to achieve the planned cement thickness with the same femoral bowing as in relatively hard cancellous bone without cancellous interdigitation of cement. We could secure the fixation device, accurately measure compressive force and subsidence without risk of femoral fracture, and observe stem and cement behaviour with a relatively thin cement mantle in proximal and middle regions of the femur.
Kärrholm 26 reported subsidence with various types of femoral component in a radiostereometric analysis, and el Masri et al 9 reported that the Charley-Kerboull stem subsided slightly, but not excessively, after canal-filling insertion with a line-to-line preparation. In this study, line-to-line CMK stems also subsided slightly, even in the contact group, but with considerable compression force at the cement-bone interface.
Stem subsidence strongly correlated with compressive force at the proximal medial region in both groups, and may have generated compressive force similar to that for the CpT stem. 14 In addition, the proximal medial region showed perpendicular ball movement less than We speculate that stem subsidence in the thin cement mantle led to strong hoop stress and radial cement creep, producing compressive force at the cement-bone interface, especially in the proximal medial region. Takahashi et al 13 reported less stem subsidence and associated cement subsidence for CpT stems with a thin cement mantle of < 2.5 mm, and greater likelihood of outward cement creep. In our study, the cement thickness was < 2.5 mm for 95% of all areas in the proximal and middle regions, similar to Takahashi et al's 13 findings, suggesting that a polished CMK stem might act as a force-closed type stem, at least at the proximal region.
We also investigated differences in mechanical force between the contact and non-contact groups to evaluate the collar effect. Crowninshield et al 27 and Tarr et al 28 evaluated the level of strain in cemented femoral prostheses, using strain gauges and numerical analysis based on a finite element method. Their results indicated that the collar did not increase transmission of stress to the medial femoral neck. The present study showed similar results in both groups. however, stem subsidence and compressive force in the proximal lateral and distal lateral areas tended to be greater in the non-contact group. These findings suggest that collarless polished stems may be more likely to cause hoop stress due to taper slip than collared stems. Findings for collarless polished taper stems suggest that thin cement mantles may be acceptable if cement surrounds the entire stem for at least a short period.
Within our relatively small number of samples we found no differences between reaming and broaching under line-to-line preparation.
our study does have some limitations. This was a biomechanical study; results could differ in clinical practice. although reproducible results were obtained, we only had three models in each group and so we could not conduct a statistical analysis. loading duration was set to mimic a one-year load in a clinical setting; the results could differ for more extended loading periods. Cement movement was assumed based on the migration of balls within the cement; our simulation may not fully explain actual cement movement. loading was only applied from one direction, and no real clinical rotation was added; other results may be obtained if rotation is added to the stem. This composite femur did not have cancellous bone in the diaphysis area, resulting in a thick mantle (> 3 mm) in the distal region. although we took great care to ensure that fixation of the devices for compressive force would not obstruct accurate measurement, we cannot rule out the possibility that our devices affected cement behaviour. The presence of cement defects may lead to different results. despite these limitations, our findings were based on measurements obtained under continuous dynamic load. We hope that they will assist in understanding the dynamics of polished CMK stems with a surrounding thin cement mantle.
Supplementary material
Figures and a table showing correlation between stem subsidence and cement stress in contact group and non-contact group, and detailed comparison between both groups.
